Abstract: Wind energy integration in power grids is increasing day by day to reduce the use of fossil fuels, and consequently greenhouse gas emissions. Using the pulse-width modulated (PWM) power converters in wind turbine generators, specifically in doubly-fed induction generators, results in generating a common-mode voltage (CMV). This common-mode voltage causes a flow of common-mode current (CMC) that leaks through the stray capacitances in the generator structure. These currents impose a voltage on the generator bearing which may deteriorate them. In the current work, an active common-mode voltage canceler (ACMVC) is developed to eliminate the CMV produced by a PWM converter. The ACMVC generates a compensating voltage at the converter terminals to eliminate the CMV with a subsequent reduction of the voltage stress on the generator bearing. This compensating voltage has the same amplitude as CMV, but opposite polarity. A simulation of the ACMVC model is performed using the PSCAD/EMTDC (Electromagnetic Transient Design and Control) software package. Results confirm the effectiveness of ACMVC in canceling not only the CMV but the CMC and bearing voltage as well. In addition, the relationship between the rise time of CMV and the peak value of CMC is investigated.
Introduction
With the increase of carrier frequency in pulse-width modulated (PWM) converters driving an AC motor, leakage currents with a frequency in the range from 100 kHz to several megahertz flow to earth via stray capacitors inside the motor. These currents build up the so-called common-mode voltage (CMV) between the rotor neutral point and the ground. In addition, these currents may influence adversely motor control circuits and result in incorrect operation of zero-sequence relays. Moreover, these currents can cause a shortening of the insulation life of motors and transformers [1, 2] .
There have been many attempts to eliminate the common-mode voltage or current by using passive and active elements. An example of using passive elements is the common-mode choke and the common-mode transformer. A common-mode choke connected in series between the terminals of the converter and motor terminals has been used to reduce the unwanted leakage current [3, 4] . The conventional common-mode choke is not effective for decreasing the average and rms values of the leakage current, but only effective in reducing its peak value. A common-mode transformer with an additional winding shorted by a resistor has been proposed [5] to dampen the oscillatory ground current and the CMV. This transformer is capable of decreasing the leakage current rms value to about 25%, even when its core is smaller than that of the common-mode choke. The main problem of the common-mode transformer is that a small amount of the ground current still exists. An active common-mode canceler (ACC) has been used for an induction motor drive [1] to eliminate the CMV produced by the PWM converter. The ACC produces a compensating voltage which has the same amplitude of the CMV produced by the converter but with opposite polarity. Hence, the CMV produced at converter's terminal can be reduced significantly.
Due to the advantages of wind energy being a clean source with a short installation period and a low operational cost, it is considered one of the most important renewable energy technologies. Doubly-fed induction generators (DFIGs) are one of the most widely used wind energy technologies. The rating of the converters in DFIG is only 30% of the total rated power, hence the cost and size of the system is greatly decreased [6, 7] . It is reported that approximately 40% of the generated energy from wind turbines (WTs) is already produced by doubly-fed machines and this rate is still increasing [8] . The WT mechanical power is naturally changed with variable turbine speeds and variable output voltage. Hence, power electronic converters with pulse-width modulation (PWM) techniques are widely used to provide the required frequency with suitable separate control of active and reactive powers [9] .
In the super-synchronous mode of the DFIG, the rotor current of a generator with a few Hz frequency flows through an AC-DC converter, DC link and DC-AC converter to increase the frequency to the power value before connection to the power grid. Subsequently, a high-frequency CMV between the neutral point of the generator and the ground will be developed, the same as demonstrated before for induction motors driven by voltage-source PWM converter [1, 2] . This voltage is applied across the generator stray capacitances and generates a bearing voltage between the inner raceway and outer raceway of the generator bearing. If the bearing voltage overrides the threshold voltage of the bearing, the lubricating oil-film of the bearing will break down. Therefore, a discharge current due to high-frequency CMV [10] [11] [12] will flow, resulting in a bearing failure [6, 13] . Compared to AC industrial motors, the bearing failure of WT generators is higher [14] . A comparison was made between the bearing current problems in three types of WT generators, namely a DFIG, a direct-drive permanent magnet synchronous generator (PMSG), and semi-direct-drive PMSG turbines [6] with no proposal for any technique to reduce the bearing currents. An ACC has been used before [1] to eliminate the common-mode voltage (CMV) in an induction motor drive using an insulated gate bipolar transistor (IGBT) inverter.
In this paper, the active common-mode voltage canceler (ACMVC) technique is introduced to reduce the CMV generated by the PWM converter of a wind turbine generator (DFIG). The ACMVC is connected at the rotor terminals before connection to the AC-DC converter. Also, the stray equivalent circuit of the DFIG, including different capacitances between conducting parts inside the generator, has been considered in the simulation model. The temporal variation of the CMV, the leakage current to ground (common-mode current, CMC) and the bearing voltage (shaft voltage) are calculated with and without the use of ACMVC to evaluate its effectiveness. The dependency of the peak value of CMC on the rise time of CVM, which was not studied before [1, 2] , is also studied in the present work.
The main highlights of this paper can be summarized as follows:
1.
The terminals of the PWM converter of the DFIG are connected to the rotor winding through the proposed ACMVC to suppress the CMV generated at the converter terminals.
2.
The stray capacitances of the DFIG, including those between conducting parts inside the generator, have been considered in the equivalent circuit of the DFIG.
3.
The bearing induced voltage (shaft voltage) and the leakage current to the ground (CMC) are calculated with and without the use of the proposed ACMVC to evaluate its effectiveness.
4.
The rise time of CMV and the peak value of CMC are correlated in the present work.
This paper is organized in sections. In Section 2 the CMV of the converter is introduced. Then, the types of stray capacitances inside the DFIG are illustrated in Section 3. This is followed by the operation and design of the proposed ACMVC in Section 4. Section 5 presents the simulation results and discussions. Finally, the main conclusions that can be extracted from the present work are listed in Section 6.
Common-Mode Voltage
For balanced three-phase systems, the neutral point voltage (the summation of the sinusoidal phase shifted voltages) instantaneously equals zero. On using the PWM converter in the DFIG, the summation is no longer equal to zero and hence the rotor neutral point has a zero-sequence voltage as shown in Figure 1 . This voltage is called high-frequency CMV (neutral point voltage), V com . The converter output phase voltages V a , V b , V c are given by Equations (1)- (3) as follows [15] :
By summing Equations (1)- (3) we have:
Because i a + i b + i c = 0, then the common-mode voltage is:
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Doubly-Fed Induction Generator Stray Circuit
The stray capacitances of the DFIG result in the development of the CMV between the rotor neutral point and the ground. There are four basic conducting parts in the generator: the rotor windings, stator windings, stator frame and rotor frame. Hence, there are several stray capacitances in DFIG, as shown in Figures 2 and 3: rotor winding to rotor frame capacitance (C wr ), rotor winding to stator frame capacitance (C w f ), rotor frame to stator frame capacitance (C r f ) and bearing capacitances (C b1 &C b2 ). The stray capacitances between the stator windings and other parts are very small and can be ignored [6, 16] . It is not easy to determine the exact values of stray capacitances using specific equations based on machine geometry, as reported before [15] . This is because the complex structure of DFIG and the analytical methods may produce calculation errors. The accurate values of stray capacitances of the DFIG were determined using the electromagnetic field numerical calculation based on the finite element method (FEM) [6] . Therefore, the values obtained before [6] , as given in Table 1 for a 1.5 MW DFIG, will be used in the present work. As shown in Figure 2 , the inner raceway of the bearing has the same potential as the rotor frame being tied to the shaft. Also, the outer raceway of bearing has the same potential as the stator frame since it is connected to the stator end cover and the ground. The bearing balls separate the outer raceway and inner raceway with a lubricating oil-film surrounding the balls. As the oil-film is an insulating medium, capacitances C b1 and C b2 are formed between the balls and the inner and outer raceways, respectively, Figure 2 . Figure 3 shows the capacitances C b1 and C b2 which are approximately equal (C b1 C b2 ). These capacitances usually change with generator speed, temperature, and the load [6] .
Active Common-Mode Voltage Canceler

Operation of Active Common-Mode Voltage Canceler (ACMVC)
A three-phase PWM converter using IGBT switches is connected to the rotor of DFIG through the proposed ACMVC as shown in Figure 3 . The DC link voltage V dc is split into two sources as shown in Figure 3 . Switches S 1 to S 6 of the converter in Figure 1 are turned on/off by the PWM technique. A three-phase Y-connected capacitor bank (C x ) is used to detect the CMV at converter terminals and to feed it to the proposed canceler. The latter consists of a common-mode transformer (CMT) and a push-pull emitter follower (EF) using transistors T 1 and T 2 with a complementary symmetry. In addition, two capacitors (C a ) are connected to the terminals of the DC link to prevent flow of excessive DC current in the CMT to avoid stressing the EF and the possible failure of its transistors T 1 and T 2 . The DC link voltage serves as a DC power supply of the EF circuit. The EF circuit, along with the three capacitors C x , acts as a voltage-controlled voltage source with a unity voltage gain as shown in Figure 3 . The same detected CMV is provided by the EF to the CMT as a compensating voltage (V comp ). The windings' polarity of the CMT is marked by dots as shown in Figure 3 . As a result, the polarity of CMT secondary-windings is opposite to that of the CMV generated by the converter. Consequently, the CMV is decreased significantly with a very small value of CMC.
Design Parameters of the ACMVC
The parameters of the ACMVC include the capacitance values of the Y-connected capacitors (C x ) and the two DC side capacitors (C a ) as well as the CMT and the EF components.
The Y-connected capacitors (C x ) are connected to the converter terminals to measure the converter CMV in the simulation model. In order to make a direct connection between C x and the converter terminals without causing any problem, the value of C x is approximately equal to the capacitance of the converter IGBT, which is equal to 180 pF.
On the other hand, the capacitance value of capacitors (C a ) has to be as large as possible to avoid the voltage variation of the neutral point and to ensure the stability of the compensating voltage. This is why the value of the capacitance C a is selected to be 1.2 µF.
In the CMT, four ferrite cores used. The CMT should be designed to avoid any magnetic saturation. Consequently, the product of the number of turns (N) and the number of cores (M) should satisfy the following relation [1] :
where:
T is the PWM period of the converter = 50 µs. The value of M is 4 and the number of turns per core N is selected 22 turns [1] . Consequently, the magnetizing inductance of CMT can be calculated as follows [1] :
AL is the specific inductance of the magnetic core = 13.2 * 10 −6 H.
Hence, L cm = 4 * 22 2 * 13.2 * 10 −6 = 25.6 mH.
The voltage-controlled voltage source including the EF circuit along with the three capacitors C x requires the following design considerations:
(1) A high-input impedance to minimize the capacitance of C x . (2) A low-output impedance for eliminating any current effect on the compensating voltage (V comp ). (3) A wide-frequency bandwidth of up to several megahertz. These requirements are satisfied by the EF using two complementary transistors. Table 2 gives the maximum ratings of the transistors, which are operated in the active region. 
Simulation Results
In the following subsections we will discuss the effect of the integration of the ACMVC on the common-mode voltage, the common-mode current and the shaft voltage. The switching patterns of the voltage at phase-a of the machine side converter as shown in Figure 1 are given in Figure 4 with a zoom view at a switching point. Also, the currents flowing through switches S 5 and S 3 of the machine side converter as shown in Figure 1 , are presented in Figure 5 for a better description of the voltages and current of the PWM converter. In addition, the effect of the variation of the rise time of the CMV on the peak value of common-mode current peak will be presented. The step time of the simulation is 0.01 µs.
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Effect of the Proposed ACMVC on the Common-Mode Voltage
The common-mode voltage is measured in the simulation model of the proposed ACMVC at the converter terminals, as shown in Figure 3 . Figures 6, 7 and 8 show the waveforms of the commonmode voltage without the ACMVC, the compensating voltage of common-mode transformer and the the CMV on the peak value of common-mode current peak will be presented. The step time of the simulation is 0.01 µs. 
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The common-mode voltage is measured in the simulation model of the proposed ACMVC at the converter terminals, as shown in Figure 3 . Figures 6-8 show the waveforms of the common-mode voltage without the ACMVC, the compensating voltage of common-mode transformer and the common-mode voltage with the ACMVC, respectively. It is quite clear that the peak value of common-mode voltage with the ACMVC, respectively. It is quite clear that the peak value of common-mode voltage drops from 0.4 kV in Figure 6 to 0.04 V in Figure 8 , which confirms the capability of the ACMVC in suppressing the CMV significantly. common-mode voltage with the ACMVC, respectively. It is quite clear that the peak value of common-mode voltage drops from 0.4 kV in Figure 6 to 0.04 V in Figure 8 , which confirms the capability of the ACMVC in suppressing the CMV significantly. 
Effect of the Proposed ACMVC on the Common-Mode Current
The common-mode current ( ) is measured in the simulation model of the proposed ACMVC between the stator frame of the generator and the ground, as shown in Figure 3 . Figures 9 and 10 show the waveforms of the common-mode current without and with the ACMVC, respectively. It is quite clear that the peak value of common-mode current drops from 40 A in Figure 9 to about 145 µ A in Figure 10 , which confirms the capability of the ACMVC in suppressing not only the common-mode voltage but also the common-mode current. 
The common-mode current (I G ) is measured in the simulation model of the proposed ACMVC between the stator frame of the generator and the ground, as shown in Figure 3 . Figures 9 and 10 show the waveforms of the common-mode current without and with the ACMVC, respectively. It is quite clear that the peak value of common-mode current drops from 40 A in Figure 9 to about 145 µA in Figure 10 , which confirms the capability of the ACMVC in suppressing not only the common-mode voltage but also the common-mode current. 
Effect of the Proposed ACMVC on Bearing Voltage
The bearing voltage ( ) is measured in the simulation model of the proposed ACMVC between the rotor and stator frames of the generator, as shown in Figure 3 . Figures 11 and 12 show the waveforms of the bearing voltage without and with the ACMVC, respectively. It is quite clear that the peak value of drops from 400 V in Figure 11 to about 0.3 V in Figure 12 , which confirms the capability of the ACMVC in remarkable suppression of the bearing voltage. This relieves the bearing from the stress imposed on it due to the CMV with a subsequent drop of the bearing current and associated breakdown of the oil-film lubricating the balls of the bearing. This will enlarge the lifetime of the balls. This will open the way for the technological development of manufacturing wind turbine DFIG by supporting them with the proposed ACMVC. This extends the lifetime of the generator's bearing and hence the lifetime of the generator itself. 
The bearing voltage (V be ) is measured in the simulation model of the proposed ACMVC between the rotor and stator frames of the generator, as shown in Figure 3 . Figures 11 and 12 show the waveforms of the bearing voltage without and with the ACMVC, respectively. It is quite clear that the peak value of V be drops from 400 V in Figure 11 to about 0.3 V in Figure 12 , which confirms the capability of the ACMVC in remarkable suppression of the bearing voltage. This relieves the bearing from the stress imposed on it due to the CMV with a subsequent drop of the bearing current and associated breakdown of the oil-film lubricating the balls of the bearing. This will enlarge the lifetime of the balls. This will open the way for the technological development of manufacturing wind turbine DFIG by supporting them with the proposed ACMVC. This extends the lifetime of the generator's bearing and hence the lifetime of the generator itself. 
Relationship between CMC and Rise Time of CMV
The high-frequency leakage current to the ground (CMC) is influenced by the rise time of the CMV generated by PWM converter. Figure 13 shows a relationship between the rise time ( ) of the CMV waveform and the peak value of CMC. With the increase of the rise time of the CMV by 10 times, the peak value of the CMC drops considerably to about 1/10 of its original value. Such a relationship will help in limiting the rate of voltage rise at the converter terminals due the CMV, with a subsequent reduction of the stress imposed on the bearing to extend its insulation lifetime. 
Conclusions
An active common-mode voltage canceler is developed, and is employed to cancel the CMV produced by a PWM three-phase converter connected to the rotor winding of a DFIG. Simulation results confirmed that the proposed ACMVC is capable of the perfect suppression of the CMV. Consequently, the produced common-mode current (leakage current to the ground) is decreased with a subsequent decrease of the voltage stress imposed on the rotor bearings and hence extends its 
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Conclusions
An active common-mode voltage canceler is developed, and is employed to cancel the CMV produced by a PWM three-phase converter connected to the rotor winding of a DFIG. Simulation results confirmed that the proposed ACMVC is capable of the perfect suppression of the CMV. Consequently, the produced common-mode current (leakage current to the ground) is decreased with a subsequent decrease of the voltage stress imposed on the rotor bearings and hence extends its insulation lifetime. A relationship between the rise time of the CMV waveform and the peak value of CMC is formulated to help reduce the stress imposed on the bearings.
